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Jet spreading width is one of the important characteristics of water jets discharging into the air. Many researchers 


have dealt with measuring this width, and contact measuring methods on the water jet surface were employed in a 


lot of the cases. In order to avoid undesirable effects caused by the contact on the jet surface, we introduce 


non-contact measuring methods with a laser instrument to the measurements of jet spreading width. In measure- 


ments, a transmitter emits sheet-like laser beam to a receiver. The water jet between the transmitter and the re- 


ceiver interrupts the laser beam and makes a shadow. The minimum and maximum values of the shadow width 


are measured. In addition, pictures of the water jet are taken with a scale, and the shadow width is measured from 


the pictures. The experiments on various needle strokes were performed. Three kinds of width consistent with the 


jet structure were obtained. In the results, it can be concluded that our non-contact measuring methods are feasi- 


ble. The data of jet spreading widths and jet taper were obtained and are useful for future applications. 
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Introduction 


The understanding of physics of water jet discharging 
into the air is very important for engineering applications, 
such as fire-fighting equipment, cutting machines and 
impulse turbines. For this importance, many researchers 
have worked intensively on the study of water jets. 

Hoyt et al. studied water jets discharging into the air 
with using special photography techniques [1-4]. In their 
studies, they focused attention on laminar-turbulent tran- 
sition and droplet formation. They also examined the jets 
of water solution of polymer and found that the polymer 
reduced small-scale disturbances on the jet surface. 

Yanaida researched the characteristics of high-speed 
water jets discharging into the air [5]. He determined the 
width of jet spreading with using the electric measuring 
method. It was found that the jet spreading width does 
not depend on pressure and type of fluid, and that the 
width is proportional to the square root of the distance 
from nozzle exit. The proportional constant is affected by 
nozzle shape. 

Brekke examined the velocity distribution in a water 
jet for the application to Pelton turbine [6]. The nozzle 


with 2 or 6 fins was connected to a bend pipe. A minia- 
ture Pitot tube was arranged just downstream of the noz- 
zle. The effect of fin and bend on velocity was indicated. 

In order to design a Pelton turbine, Zhang et al. de- 
veloped a laser Doppler anemometry (LDA) method and 
investigated water jets discharging into the air with using 
the LDA method [7, 8]. They used two types of the pipe 
connected to a nozzle. One was a straight pipe, while the 
other was a 90-degree bend pipe. They measured the ve- 
locity distribution in the jet with the LDA method and 
discussed the effect of bend on velocity distribution. 
They obtained the result that the bend strongly affects the 
flow in the jet. 

Various contact measuring methods were employed to 
obtain flow characteristics, such as jet spreading width 
and velocity distribution, in these previous works. In the 
velocity measurement with a Pitot tube, the tube pene- 
trated the water jet. In the electric measuring method, 
electric probes touched the water jet surface. In the LDA 
method, an optical wedge contacted the jet surface in 
order to ensure that laser beams transmit through the jet 
surface. The contact with a water jet surface would affect 
flow characteristics undesirably. 
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There are many important characteristics of water jets, 
but we focus attention on jet spreading width in this pa- 
per. We employ the non-contact measuring techniques 
with a laser instrument in order to avoid an undesirable 
effect of the contact with a water jet surface. 

The motion of a water jet surface is unstable and un- 
steady as one can see Hoyt’s photographs [1-4] for ex- 
ample. We consider this unstable motion and assume that 
a water jet can be divided into three regions: core region, 
intermittent region and spray region. Our measuring 
techniques take into account this water jet structure. 

The objective in this paper is to examine the feasibility 
of our measuring techniques and to obtain the data of jet 
spreading width for future applications. 


Water jet structure 


The shape of water jet surface changes unsteadily be- 


cause of turbulence, hydrodynamic instabilities and so on. 


For examples, Hoyt et al. observed instability waves on 
the surface, air entrainment and droplet generation from 
the surface [1-4]. 

A water jet in our experiment is shown in Fig. 1. As 
one can see in Fig. 1, the water jet surface moves unstea- 
dily. The surface shape is wavy and a lot of droplets arise 
from the surface. Considering these unsteady motions of 
the surface, we assume the jet structure as shown in Fig. 2. 


Fig. 1 Water jet in our experiment (Total head is 21 m. Needle 
stroke is 9 mm.) 
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Fig.2 Water jet structure 


The core region is defined as the stable standing region 
in the jet, while the intermittent region is defined as one 
where the unsteady wavy jet surface passes. The region 
where the droplets exist is called the spray region. The 
width of each region is measured in the experiments. 


Experiments 


Apparatus 


Figure 3 shows the schematic of the experimental ap- 
paratus which is the same one used for stationary Pelton 
bucket experiments [9]. The maximum head of the water 
in this apparatus is 28.5 meters. The flow rate is meas- 
ured with an ultrasonic flow meter. The pressure is 
measured with a pressure transducer. These measuring 
instruments are located upstream of the nozzle. The jet 
spreading width is determined with a laser dimension 
measuring instrument. The detail of the width measuring 
method will be described later. Pictures of the water jet 
are taken from the front of the jet by using a digital cam- 
era and a lighting equipment. 

There is a needle in the nozzle in order to adjust the 
flow rate. The nozzle internal structure is shown in Fig. 4. 
The needle is supported by ribs in the nozzle. This type 
of nozzle with a needle often is used in an impulse tur- 
bine. Needle stroke, S,, is defined as the stroke from the 
location of the needle when the nozzle is completely 
closed. The jet spreading widths are measured from the 
direction normal to the surface made by the ribs. In other 
words, this direction means the laser beam direction. 


Jet spreading width measurement 


Jet spreading width is one of the important characte- 
ristics of water jet. The width is measured with the non- 
contact measuring technique, i.e. laser dimension mea- 
surement. In our experiments, the high-speed laser scan 
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Fig.3 Experimental apparatus 
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Fig. 4 Nozzle internal structure 


micrometer, LS-5040, made by the KEYENCE cor- 
poration is used. The specifications of this micrometer 
are shown in Table 1. This micrometer is composed of a 
transmitter and a receiver. The transmitter emits sheet- 
like laser beam and the receiver receives the beam. A 
water jet is located between the transmitter and the re- 
ceiver as shown in Fig. 5. The water jet interrupts the 
beam from the transmitter and makes a shadow on the 
receiver. The width of this shadow is measured, which is 
called “DIA mode.” 

A water jet surface is wavy and a water jet generates 
droplets from the jet surface. The measured value of the 
shadow width may vary from instant to instant, owing to 
the wavy surface and the droplets interrupting the laser 
beam. Hence two modes of measurement are employed. 
One is “bottom-hold mode.” The minimum width of the 
shadow in the intended duration is recorded in the bot- 
tom-hold mode. It can be considered that this minimum 
value correlates with the width of core region at a given 
axial position of the jet. The other mode is “peak-hold 
mode.” The maximum width in the intended duration is 
recorded in the peak-hold mode. This maximum value is 
greatly affected by the droplets and means the width of 
spray region at a given axial position of the jet. In our 
experiments, these two modes are used at a time, and 
both minimum and maximum values are recorded. The 
recording duration of both modes is set to 10 s. The ac- 
curacy of the laser scan instrument is confirmed by mea- 
suring the width of an accurately finished 30-mm diame- 
ter calibration cylinder before and after experiment. 


Table 1 Specifications of the laser scan micrometer, LS-5400, 
KEYENCE 


1200 scans/s 
121 m/s 


Laser scan rate 
Laser scan velocity 


Laser scan range Approx. 46 mm 


The direction of the laser beam 


Receiver 


Transmitter 


Laser beam Water jet 


Fig.5 Configuration of the laser scan micrometer 


Pictures of a water jet are taken with a scale in a room 
surrounded in blackout curtains. Only the transmitter of 
the laser scan micrometer is used during photography. A 
water jet is set up between the transmitter and the scale. 
The laser beam is emitted to the scale. The width of the 
water jet shadow on the scale is measured from the pic- 
tures as shown in Fig. 6. In photography, the digital sin- 
gle-lens reflex camera, D7200, made by the Nikon cor- 
poration is used. The lens is AF-S DX NIKKOR 
16-80mm f/2.8-4E ED VR made by Nikon. This special 
lens has Nano Crystal Coat for reducing the ghost and 
flare phenomena. The settings of the camera are shown in 
Table 2. If the exposure time is shorter than the laser scan 
time (i.e. the inverse of the laser scan rate), the laser 
beam on the scale cannot appear in the picture. Hence the 
exposure time must be set to sufficiently longer value 
than the laser scan time. This means that the picture of 
the laser beam taken by the camera is the integrated im- 
age over the longer time than the laser scan time. It can 
be considered that the shadow width in the picture as 
averaged interruption width of the laser beam by the jet is 
close to the width of intermittent region. 


Uy 


Fig. 6 Picture of the water jet and the scale for measuring the 
shadow width 


Table 2 Settings of the camera 


Aperture 4.0 
Exposure time 1/250 s 

ISO 800 
Focal length 80 mm 


The x coordinate is set to the jet axis and its positive 
direction corresponds to the flow direction. The origin of 


the x coordinate is located at the position of the needle tip. 


The range of measurement is from x = 0 [mm] to x = 100 
[mm]. The interval of the measuring points is 2 mm be- 
tween x = 0 [mm] and x = 20 [mm], 10 mm between x = 
20 [mm] and x =100 [mm]. In an experiment, the number 
of measurements with the laser scan micrometer on both 
the bottom-hold and peak-hold mode is 25 at each mea- 
suring point. The number of photographing is 20 at each 
measuring point. 


Experimental conditions 

In all experiments, the total head of the water jet, H, is 
set to 21 m. Three needles different in length are em- 
ployed and these needle strokes are 14, 9 and 4 mm. The 
relation between needle stroke, S,, and flow rate, Q, is 
shown in Fig. 7. 


Results 


Scatters of the jet spreading widths measured in a 
typical experiment 


The results in a typical experiment are shown in Fig. 8. 


In this experiment, the needle stroke is set to 14 mm. The 
symbols in Fig. 8 mean the measured values of jet 
spreading widths, W, divided by the jet width or diameter 
at the nozzle exit, Wọ. This width, Wọ, is calculated with 
Bernoulli’s principle and the equation of continuity. 
While there are 25 symbols for the jet spreading width of 
both the core and spray region at each measuring point, 
20 symbols exist for the jet spreading width of the inter- 
mittent region. The number of each symbol equals to that 
of each measurement described above. The lines in Fig. 8 
are made by connecting with lines the averaged values at 
each measuring point. 

In the widths of all regions, the scatter of the measured 
data is small upstream but relatively large downstream. 
The data of the width of the spray region have the largest 
scatter in the three regions, while the scatter of the width 
of the core region is the smallest. These tendencies are 
consistent with the visual observations, and correlate to 
unstable and unsteady characteristics of a water jet. 


Averaged values of jet spreading widths 


Three experiments were performed in each setting of 
needle stroke, S„. The experimental results in the case of 


S, = 14 [mm] are shown in Fig. 9. The symbols in Fig. 9 
mean the averaged values of jet spreading widths in each 
experiment as explained in the previous section. The jet 
spreading widths, W, are non-dimensionalized by divid- 
ing by the jet width at the nozzle exit, Wo. 
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Fig. 7 Relation between needle stroke and flow rate. The 
points are the measured values in the experiments. 
The dashed curve is obtained by fitting the origin and 
the experimental data to a quadratic curve with the 
least-square method. 
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Fig. 8 Jet spreading widths in a typical experiment (H = 21 

[m], S, = 14 [mm]). The symbols are the measured 


values. The lines connect to the averaged values at 
each measuring point. 
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Fig. 9 Jet spreading widths in the case of S, = 14 mm. The 
symbols are the averaged values in each experiment. 
The lines connect to the averaged values of three 
symbols at each measuring point. 


Table 3 Averaged jet width at the nozzle exit 


Needle Stroke, Averaged jet width at the nozzle exit, 


Sn [mm] Wo [mm] 
14 16.0 
9 14.5 
4 11.0 


The averaged Wọ values obtained from the Wọ values 
in each experiment are listed in Table 3. The lines in 
Fig.9 are made by connecting the values obtained by av- 
eraging the values of the symbols at each measuring 
point. 

As one can see in Fig.9, the magnitude relation be- 
tween the widths of the three regions is consistent with 
the initially assumed jet structure in Fig. 2. The width of 
the spray region is larger than that of the intermittent 
region. The intermittent region has larger width than the 
core region. 

The non-dimensional jet spreading widths, W/W), of 
the three regions decrease with increasing the 


non-dimensional axial position, x/Wọ, near the nozzle exit. 


After passing over the inflection point, the widths, W/W, 
increase. While the width of the spray region has the 
highest increasing rate, the width of the core region has 
the lowest rate. 

The experimental results in the case of S, = 9 [mm] 
and S, = 4 [mm] are shown in Fig. 10 and Fig. 11, re- 
spectively. These results have almost the same tendencies 
as that of the case of S, = 14 [mm]. However, in the case 
of S, = 4 [mm], the width of the core region decreases 
almost monotonously with increasing x/W>. The cause 
may be that the flow rate in the case of S, = 4 [mm] is 
very low as shown in Fig. 7. 

The widths of the three regions decrease with de- 
creasing the needle stroke, i.e. decreasing the flow rate, 
as shown in Figs. 9-11. 


Effect of needle stroke on jet taper 


Another important characteristic of water jets is jet 
taper or increment ratio of jet width in the jet direction. 
Especially, the engineers in the field of impulse turbine 
take account of this characteristic. For example, Oyama- 
da et al. examined the effects of the nozzle and needle 
geometry on jet taper [10]. 

In almost all results of our experiments, there are the 
inflection points of the widths between x/Wọ = 0 and x/Wo 
= 2. Hence jet tapers are calculated with the data of the 
widths between x/W, = 2 and x/Wọ = 6, after passing over 
the inflection points. In this range of x/Wọ, all data of the 
width of each region are fitted to a line with the least 
square method. The slope of the line, AW/Ax, is a jet taper. 

The jet tapers in our experiments are shown in Fig. 12. 
Except for the intermittent region, the jet tapers increase 
with increasing the needle stroke. The value of jet taper 


in S, = 9 [mm] is the largest in the intermittent region. 
Only the jet taper of the core region in S,, = 4 [mm] has a 
negative value. 
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Fig. Jet spreading widths in the case of S,, = 9 [mm]. The 
symbols are the averaged values in each experiment. 
The lines connect to the averaged values of three 


symbols at each measuring point. 
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Fig. 11 Jet spreading widths in the case of S, = 4 [mm]. The 
symbols are the averaged values in each experiment. 
The lines connect to the averaged values of three 
symbols at each measuring point. 
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Conclusions 


The non-contact measuring methods with a laser in- 
strument were introduced in order to obtain the data of jet 
spreading width which is one of the important character- 


ristics of water jets. The experiments on various needle 
strokes were performed with the measuring methods. 
These results were consistent with the water jet structure. 
Hence it can be concluded that our non-contact measur- 
ing methods are feasible for getting the jet spreading 
widths. 

The data of jet spreading widths and jet taper were 
obtained on various needle strokes. These data are useful 
for future applications, such as the design of impulse 
turbines. 

While there are lots of works including our research, 
physics of water jet discharging into the air is yet inade- 
quately understood. Especially, there is not adequate 
knowledge about the effects of nozzle conditions, such as 
nozzle shape, nozzle internal structure and inlet bend, on 
the flow in water jets. Studying these effects with our 
measuring methods is a future work. 
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